Abstract: Adequate nitrogen (N) fertilisation is an important component of sustainable management in agricultural systems because it reduces the environmental impacts of agriculture. However, taking into account the varied sources of soil N remains a challenge, and farmers require robust decision-making tools to manage increasingly diverse growing conditions. To address these issues, we present the AzoFert ® decision support system for farmers and extension services. This tool is capable of providing N recommendations at the field scale for 40 main field crops. It is based on a full inorganic N balance sheet and integrates the dynamic modelling of N supply from soil and various organic sources. Because of the choice of formalisms and parameters and the structure and modularity of the computer design, the tool is easily adaptable to new crops and cropping systems. We illustrate the application of Azofert ® through a range of N fertilisation experiments conducted on cereals, sugar beet and vegetables in France.
Introduction
In 1991, the European Union adopted the Nitrates Directive (91/676/EEC) to protect water from agricultural nitrate pollution. This directive required member states to monitor drinking water, established nitrate leaching vulnerable zones, and produced a Code of Good Agricultural Practice by 1993. Action plans for vulnerable zones had to be established by 1995 and be fully implemented by 1999. Among these actions, the management of nitrogen (N) fertilisation was considered important. Calculation of the N fertiliser amount is required to adjust the inputs of mineral or organic fertilisers to satisfy the crop N requirements by considering other N sources, and the following important objectives need to be achieved: (i) sustain crop production; (ii) promote product quality (protein content of cereals, technological quality of sugar beet, nitrate content of vegetables, etc.); (iii) preserve the quality of water and air by minimising nitrate leaching, volatilisation, denitrification and nitrous oxide (N 2 O) losses; and (iv) improve the energetic performance of farms considering the energy cost of mineral N fertilisers. Due to the evolution of agricultural practices, particularly the increase and diversification of organic inputs, farmers in Western Europe are forced to be increasingly precise with respect to N fertilisation.
Decision-making tools for predicting N fertilisation are frequently based on an empirical approach, i.e., fixed rates, which are normally obtained after regional field trials to estimate the average optimum N dose for a given crop under specific soil and climate conditions, or highly simplified N balances. Examples of these types of tools include the Nmin method (used in Switzerland and Germany) and the corrected norms method (used in Switzerland), which are used to calculate the annual N fertilisation of main field crops [1, 2] . Strategic crop model-based approaches have also been used to evaluate the impacts of various N management strategies. For example, climatic risk assessment using the STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard) model [3] and variations in the nitrate leaching and yield of different crops supplied with N using a net N mineralisation model [4] have been studied; however, a decision-making tool for N fertilisation has not been derived from these studies. Other works have determined how to adapt N recommendations to cultural techniques, such as tillage and irrigation systems [5] . Certain tools are specific to particular crops, such as maize [6] , tomato [7] , durum wheat [8] , or wheat [9] or are specific to certain processes of the N cycle [10] . Finally, benchmark-type studies have assessed the effects of N management on the environment in northwestern Europe in association with the Nitrates Directive [11] . These studies have not directly developed operational tools for consulting services and farmers, although they have influenced the evolution of agricultural practices. Thus, an engineering approach that can help farmers make decisions regarding N fertilisation is still required. These tools should (i) cover a wide range of agricultural situations encountered by farmers in cropping systems; (ii) require a reasonable number of data inputs that can be provided by the farmer or consulting services and (iii) have the ability to integrate new information (new parameters, new modules) over time, which is important in the context of the rapid evolution of environmental concerns and national policies linked to N management in agriculture.
The "mineral N balance sheet" method proposed in France in the early 1970s aimed to calculate the total amount of fertiliser N to apply to a crop as the difference between the crop N total requirement (to reach a given yield) and the soil N supply; the latter is estimated at different points of the soil N cycle [12, 13] . This method, which is widely used for fertilisation management in France, was evaluated under a wide range of environmental conditions [14] . Over the past twenty years, research findings on the following have provided a basis for improving fertilisation recommendation tools, particularly when considering the dynamics of the soil N cycle over time: characteristics of animal and organic waste and crop residues recycled to soils and their potential mineralisation [15, 16] and the dynamics of fertiliser N after application, as well as the determinants of fertiliser N recovery in crops, particularly using nitrogen-15 (15N) techniques [17, 18] . The objective of this study was to develop AzoFert ® software to improve the calculations underlying fertiliser N recommendations, in order to reduce excess mineral nitrogen fertilisation without affecting crop yields, by making dynamic use of the balance sheet method for a wide range of crops, soils, organic and mineral fertilisers and pedoclimatic conditions. This paper describes the scientific and technical design of AzoFert ® for achieving this purpose. Insights into the functions of the model are provided for each process simulated by the model. To illustrate this design, we focused specifically on how the model simulates the evolution of organic products in the soil by varying the chemical composition and date of application, using normalised time and calculating the net contribution of these products to the soil mineral N pool. The outputs simulated using the estimated parameter values for organic products and various crop species were validated against independent datasets. Finally, the current dissemination of the AzoFert ® tool in France and its potential for evolution are discussed.
Model Description

General Presentation
A Full Inorganic N Balance Sheet
AzoFert ® is based on a full inorganic N balance sheet [12, 13] applied at the field scale for main field crops. This balance sheet is applied to the inorganic N pool in soil considering the rooting zone depth of the crop and the entire growth cycle of that crop. Equation 1 states that the variation in soil inorganic N between the opening and closing dates for calculating the soil N balance sheet equals the difference between the N inputs and outputs to/from the inorganic N pool (Equation (1)):
where
The balance sheet opening date is usually at the end of winter for winter crops and at sowing for spring crops. The closing date is usually at the time when the N uptake by the crop stops, e.g., at harvest for sugar beet and field vegetables or before harvest for rape, cereals and maize. In the time period [opening date-closing date] covered by the calculation of the N balance sheet, Rf is the soil inorganic N at the closing date (at harvest or at the end of crop N uptake), and Ri is the soil inorganic N at the opening date. The inputs are as follows: Mn is the sum of the net N mineralisation from humus (Mh), crop residues (Mr), organic products (Ma), catch crops (Mcc) and meadow residues (Mg); X is the amount of fertiliser N applied; Ap is the N wet deposition; Fns is non-symbiotic fixation; Fs is symbiotic fixation; and Ir is the N added through irrigation. The outputs are as follows: the net crop N uptake is Pf (the total N uptake by the crop at the closing date) minus Pi (the N uptake by the crop at the opening date); Ix is the amount of fertiliser N immobilised; Gx and Lx represent the fertiliser N lost by gas emissions and leaching, respectively; and Gs and Ls represent the soil inorganic N lost through gas emissions and leaching, respectively.
Dynamic Simulation of Soil N Supply
N supply from soil and various organic sources (crop residues from the preceding crop, catch crop residues, and organic products) is simulated dynamically, for example, from the harvest time of the preceding crop to the date at which the fertilised crop stops taking up N. A dynamic approach, compared to a static balance, makes it possible to significantly improve the accuracy of the balance sheet terms; this is important for a tool that takes into account a large number of crops with very different sowing dates and growing periods, as well as a variety of organic products that can be recycled on the soil. Beginning the simulation at the harvest time of the preceding crop is essential for calculating the supplement from mineralisation, which occurs between the opening and the closure of the balance sheet and is generated from the main crop or cover crop residues and organic products applied before the opening of the balance sheet.
To perform these simulations dynamically, we introduced the concept of "normalised time", which considers temperature (T) and moisture content (W) changes over time. This approach, which was adapted from Andrén and Paustian [19] , expresses each day with a given T and W as a function of a normalised day based on the reference T and W (Equation (2)):
where f (T) represents the temperature factor, K = 0.115 represents the Van't Hoff coefficient, and Tmoy and Tref represent the mean and reference temperature, respectively.
where g(W) represents the moisture factor, Wsl represents the moisture content of the soil layer, and Wref and Wwp represent the reference moisture and the wilting point moisture, respectively. In AzoFert ® , Tref is 15 • C and Wref is field capacity [20] . Consequently, the model calculates (i) the contribution of these sources to mineral N from the harvest of the previous crop until the opening date of the balance sheet using observed climatic data Agronomy 2017, 7, 73 4 of 21 from the area and (ii) the N mineralised from these organic sources between the opening and closing dates of the balance sheet using mean climatic data from the area (calculated over the last 15, 20 , and even 30 years according to the weather station). This means that there is no uncertainty associated to "past" climatic conditions, between the previous harvest and the opening of the balance sheet, but the model is predictive after opening the balance sheet with uncertainty related to future weather conditions. The climatic conditions are taken into account over 10-day intervals throughout the year.
Module Content and Parameterisation
The objective of the use of the balance sheet is to supply the minimum amount of N fertiliser needed to obtain the maximum crop yield for a given agricultural situation.
Crop N Requirements
The estimated crop N requirement is different between plants harvested for grain and plants harvested at a vegetative stage. The N uptake of plants harvested for grain is calculated as the product of the objective grain yield (Mg ha −1 ) and the N requirement per unit of grain production (kg N Mg −1 DM). The N requirement per unit of grain is calculated from the quantity of N accumulated by crop for a given grain yield, and these data are obtained from field experiments conducted by technical institutions. For other crops, the N requirement is considered constant per area unit (kg N ha −1 ) and according to the crop, i.e., a potential yield is not considered when calculating the N requirements. For winter crops, whose growth cycle starts before the period in which the N balance sheet is calculated, the N that has already been taken up by the crop (which varies with the stage of crop development) is included in the term Pi and is subtracted from the total N required by the crop. The values used for the different variables characterising the crops, i.e., yield objective for plants harvested for grain, N requirements, maximum rooting depth, default date of crop harvest, and N uptake by the crop at the opening date of the balance sheet, are available in the crop catalogue of the software and are presented in Table A1 in Appendix A.
Mineralisation of Organic Sources
• Soil organic matter (Mh)
Humified organic matter is mineralised in the upper layer, the depth of which corresponds to the ploughing depth and ranges from 20 to 30 cm depending on the soil type. In soils in which organic matter accumulates below the ploughed layer, the extra N mineralisation is calculated as a fixed extra 10% of the N mineralised in the ploughed layer. The potential rate of mineralisation is calculated from the organic N pool of the considered soil layer (Norg) and the rate of mineralisation of this pool (k 2 ), which depends on the clay and limestone concentrations in the soil [21] [22] [23] .
The organic N pool is divided into two fractions, an active fraction (FNact) and an inert fraction (Finert), and only the active fraction contributes to mineralisation (the ratio of the inert: active fractions is available in the soil catalogue). The mineralisation rate also considers the cultural history (Fsyst) of the plot, such as the long-term effect of crop residue management; organic product application, frequency and nature; and catch crop species. The mineralisation rate (Mh) of these layers is the product of the potential rate of mineralisation (Vp), the T (f (T)) and W (g(W)) factors, and the FNact and Fsyst factors.
Therefore, AzoFert ® requires different variables, such as the clay (g 1000 g −1 soil), limestone (g 1000 g −1 soil) and total N (g 1000 g −1 soil) contents, W at field capacity and wilting point, and parameters pertaining to "cultural history". Some input data are provided by the farmer, while others are available in the soil catalogue (default data; see Table A2 in Appendix B).
• Organic products (Mr, Ma, Mcc, Mg)
The decay of crop residues (main crops, cover crops, plant residues from grassland ploughing) and organic products in the soil results in either the net mineralisation or the net immobilisation of soil N. The decay rate of these products depends on the nature of organic residues (chemical characteristics and C:N ratio) and the T and W soil conditions. The kinetics of mineralisation were determined using a large dataset of laboratory incubations conducted under controlled and optimal decomposition conditions (constant soil W and T; non-limiting N conditions) [24] [25] [26] and using field experiments measuring the N mineralisation of crop residues or organic products. We used a single generic formalism that describes the dynamics of either the nitrogen (Equation (8)) or carbon (Equation (9)) of these various organic sources.
The net mineralisation rates of N and C are described by the following double exponential equations:
where N and C are the amounts of mineralised N and C, respectively, at time t; N RO and C RO are the initial amounts of N and C in the crop residues or organic products, respectively; and a N , b N , c N , a C , b C , c C , l and k are coefficients that describe the mineralisation kinetics of N and C of the crop residues and organic products. The coefficient values are expressed using normalised time. Three examples of the kinetics of net N mineralisation for crop residues and organic products are given in Figure 1 to illustrate how the kinetics of potential mineralisation in the laboratory (expressed in normalised days, Figure 1a ) are used by AzoFert ® to dynamically determine the respective contribution of each organic source to the mineral N pool at balance opening and closing, with the net differences between the two dates being the values of the Mr, Ma or Mcc terms of the calculation (Figure 1b ). Therefore, AzoFert ® requires different variables, such as the clay (g 1000 g −1 soil), limestone (g 1000 g −1 soil) and total N (g 1000 g −1 soil) contents, W at field capacity and wilting point, and parameters pertaining to "cultural history". Some input data are provided by the farmer, while others are available in the soil catalogue (default data; see Table A2 in Appendix B).
where N and C are the amounts of mineralised N and C, respectively, at time t; NRO and CRO are the initial amounts of N and C in the crop residues or organic products, respectively; and aN, bN, cN, aC, bC, cC, l and k are coefficients that describe the mineralisation kinetics of N and C of the crop residues and organic products. The coefficient values are expressed using normalised time. Three examples of the kinetics of net N mineralisation for crop residues and organic products are given in Figure 1 to illustrate how the kinetics of potential mineralisation in the laboratory (expressed in normalised days, Figure 1a ) are used by AzoFert ® to dynamically determine the respective contribution of each organic source to the mineral N pool at balance opening and closing, with the net differences between the two dates being the values of the Mr, Ma or Mcc terms of the calculation (Figure 1b ). The equations have been parameterised for different types of crop residues, i.e., the straw of cereals, the tops of sugar beets and potatoes, and the residues of catch crops (see previous crop and catch crop catalogues, Appendices C and D). The parameters for organic products, such as solid and The equations have been parameterised for different types of crop residues, i.e., the straw of cereals, the tops of sugar beets and potatoes, and the residues of catch crops (see previous crop and catch crop catalogues, Appendixs C and D). The parameters for organic products, such as solid and liquid manures, poultry droppings, agro-industry effluents and urban effluents, are available in the Agronomy 2017, 7, 73 6 of 21 organic products catalogue (Table A5 in Appendix E). Because the kinetics of crop residue and organic product mineralisation are calculated over normalised time, their decomposition can be modelled over time. For example, Table 1 shows the N contribution of vinasse applied before a sugar beet crop according to the date of application. Vinasse is a by-product of the sugar industry applied during the intercropping period between cereal harvest and the establishment of the sugar beet crop. The application rate was 3 Mg ha −1 of vinasse, which had C and N contents of 16.4% and 2.4%, respectively. Earlier application dates correspond to lower Ma values in the balance sheet. Table 1 . Calculation of the net N contribution (Ma) from vinasse between the opening and closing dates of the N balance for sugar beet crops using AzoFert ® according to the date of application.
Date of Application of Vinasse to Soils
Vinasse N Contribution (Ma) kg N ha −1 AzoFert ® considers three processes that affect the availability of fertiliser N applied to a crop, i.e., nitrogen leaching, microbial N immobilisation and the volatilisation of ammonia from fertiliser; the denitrification losses from fertiliser N are not yet included in the model. This is due to the history of this balance sheet approach [12, 13] , which considered that N losses through gas emissions were generally compensated by non-symbiotic N fixation inputs. The scientific knowledge gained over the last decades has shown that farming practices and climate significantly change the losses resulting from volatilisation and denitrification, and these processes can no longer be considered negligible and/or compensated for by a fixed (and not adequately quantified) term of non-symbiotic fixation. While we have developed a simple module for volatilisation for this tool, we have not yet developed a module for denitrification, which remains a complex and difficult process to predict.
The functions used for N immobilisation and volatilisation of ammonia were derived from 15 N experiments that demonstrated the microbial immobilisation of added fertiliser N and the incomplete recovery of the added N by different crops in the temperate climate of northwestern Europe [17, 18] .
The amount of microbially immobilised fertiliser N depends on the N immobilisation capacity and the soil N availability [27] . In AzoFert ® , the immobilisation capacity is calculated from the availability of C in the ploughed layer using Equation (9), which predicts the C evolution from crop residues and organic products, and an immobilisation ratio:
where Y is the immobilisation ratio, X is the amount of fertiliser N, QC is the amount of decomposed organic C, and Ix is the immobilised fertiliser N. The immobilisation ratio, i.e., the immobilised N per decomposed C, varies with soil N availability. Mary et al. [28] showed that microbial N immobilisation during wheat straw decomposition ranged from 13 kg N per ton of C for a N-"poor" environment (0 kg added N ha −1 ) to 32 kg N per ton of C for a N-"rich" environment (up to 300 kg added N ha −1 ). In AzoFert ® , the immobilisation ratio is linearly related to the amount of fertiliser N added, ranging from 13 to 25 kg N per ton of C.
The volatilisation of ammonia (VOL) is estimated from the combined effects of soil factors (pH and cation exchange capacity), type of fertiliser considered as a whole (form of fertiliser marketed) and application method (on the soil surface or incorporated into the soil), and crop status at the time of fertiliser N application. VOL is nil if soil pH < 5.5, CEC > 40, fertiliser N is incorporated into the soil Agronomy 2017, 7, 73 7 of 21 or fertiliser N is applied only as NO 3 -N. For each type of fertiliser N, a maximum VOL rate (VMAX) is defined in the model. VMAX varies exponentially with soil pH between pH 5.5 and 8.5 [29] . The VOL factor V is given by the relationship:
where X NH4-N is the amount of fertiliser NH 4 -N, and Gx is the amount of volatilised fertiliser N. When fertiliser N is applied to a crop, the VOL rate decreases by 50% compared to that of bare soil, considering that the N uptake by a crop reduces the risk of volatilisation. The losses of soil nitrate (Ls) by leaching due to rain, beyond the rooting depth of the crop, concern soil inorganic N at the opening of the balance sheet (Ri) and can occur between the opening of the balance sheet and the date of the end of the leaching period, which depends on crop type and climate. The proportion of mineral N leached is estimated using a simple approach: the transfer of water and nitrate into the soil is calculated for each elementary layer of 1 cm, by analogy with a reservoir. Incoming water fills the layer similar to a cascade, and the upper limit of each individual reservoir is the field capacity of the layer. Water and nitrate transfer then occurs after a homogeneous mixing of the layer with the underneath layer. Nitrate losses are dependent on effective rainfall and soil type (soil water content at field capacity). Effective rainfall (QPLUEFF) during the period (opening of the balance sheet and the end of leaching) is given by the relationship:
where QPLU is the amount of rainfall and ETP is potential evapotranspiration. Unlike Ls, which can occur at the end of winter and can affect the residual mineral N (Ri), fertiliser N lost through leaching (Lx) is generally non-existent (end of the drainage period), and Lx = 0, which has been confirmed by 15N experiments. 
General Structure
The AzoFert ® tool is a stand-alone application designed to be easily integrated into various soil laboratory data systems and applied in various agricultural contexts. AzoFert ® can be used in different modes, and a farmer can use the product directly by applying the results sheet sent by the laboratory or by accessing web platforms for each field or group of fields on his/her farm. For this purpose, the computer programme is composed of several parts (Figure 2 ). Agronomy 2017, 7, 73 8 of 21
Figure 2. Diagram of the AzoFert ® software and its integration in a data management system.
Calculation Engine
Calculations are performed using data obtained from the farmer and specific agronomic parameters included in the model equations. To increase the operational capability of AzoFert ® for extension services and farmers, data inputs provided by the farmer must be simple so that they can be collected at the field scale, and they must also be limited in number. These data consist of (i) the measured or estimated initial mineral N content and moisture in the soil profile on the opening date of the balance sheet and (ii) technical information pertaining to the plots to be fertilised. These latter data are obtained from a paper sheet filled out by the farmer.
The calculation engine provides each item of the balance sheet, the N recommendations for crop fertilisation to meet the yield objectives, comments on the calculation (i.e., abnormally high or low values, use of default values, etc.), and recommendations for the timing of fertiliser application. The calculation engine considers a wide range of crops, which is a key issue for farmers and advisors. For easier maintainability and scalability of the software, each balance sheet item is the subject of a computer code module. Collaboration between computer scientists and agronomists has focused on the generalisation of formalisms of crop-related processes; however, several formalisms are inherent in the diversity of the considered crops. Therefore, several formalisms are included in AzoFert ® depending on the type of crop. Formalisms that are highly specific to a type of culture are the subject of specific computer modules that are triggered according to this culture type. For example, crop N requirements are calculated based on the yield objective, defined by the period and duration of the growth cycle, or correspond to a fixed value.
The direct users of the software include soil-testing laboratories that provide access to farmers through their own laboratory information management system. The link between such management systems and AzoFert ® is provided by the input file and the output file, and the file format is defined by AzoFert ® . The calculation for one plot can be performed in approximately 90 milliseconds.
Regional References and Parameters
The calculation engine uses different catalogues (soil, crop, organic product, catch crop, and previous crop), and each catalogue lists and describes the entities according to the regional context. For each component of a catalogue, the first part of the information consists of default values such that the software can still perform calculations in case of a lack of data provided by the farmers. The second part of the information consists of agronomical parameters that are used in different equations and are not directly accessible by the practitioner (i.e., characteristic moisture and bulk densities of soil, coefficients that describe the decomposition kinetics of organic sources, etc.). The last part of the information consists of codes used to trigger specific calculation modules.
The calculation engine also uses parameters in grids. For example, the calculation for soil organic matter mineralisation considers the cultural history of the plot (Fsyst in Equation (7)) according to the 
Calculation Engine
Regional References and Parameters
The calculation engine uses different catalogues (soil, crop, organic product, catch crop, and previous crop), and each catalogue lists and describes the entities according to the regional context. For each component of a catalogue, the first part of the information consists of default values such that the software can still perform calculations in case of a lack of data provided by the farmers. The second part of the information consists of agronomical parameters that are used in different equations and are not directly accessible by the practitioner (i.e., characteristic moisture and bulk densities of soil, coefficients that describe the decomposition kinetics of organic sources, etc.). The last part of the information consists of codes used to trigger specific calculation modules. The calculation engine also uses parameters in grids. For example, the calculation for soil organic matter mineralisation considers the cultural history of the plot (Fsyst in Equation (7)) according to the crop residue management; the organic product application, frequency and nature; and the catch crop species. Finally, the calculation engine uses a climatic file linked to the geographical location of the plot. The climatic data include decadal mean temperature, cumulative rainfall, evapotranspiration and global radiation. The graphical user interface (GUI) allows users to manage catalogues and grids by modifying their contents. To facilitate the management of the entirety of the catalogues, grids and climatic data, the software uses domains of settings. This type of data organisation can process batches of plots issued from a wide range of areas. For a given region, a domain of settings consists of a set of catalogues and grids, as well as a climate file that is associated with each plot used in the calculation.
Evaluation of Model Performances
Materials and Methods
Experimental Data Sets
To test the performance of the AzoFert ® software, several databases of field trials were used ( Table 2 ). Different criteria were tested: the prediction of soil N supply under a wide range of cultural conditions (dataset 1) and organic amendments (dataset 2) and the environmental impacts of AzoFert ® N use (dataset 3). Each field trial of these datasets consisted of a response curve to fertiliser N using 4 to 6 different N doses and a control treatment with no fertilisation (0 kg N ha −1 ), with 4 replicates per N dose. Previous crops included winter and spring cereals, sugar beet, oil plants and field vegetables. The experiments were essentially located in northern France and used different soil types, i.e., mainly silt, clay loam and chalky soils. 
Measurements and Calculations
At harvest time, the yield was measured for the different treatments of each trial. Crop samples were collected from control plots to measure the N content of the different parts of the plants (i.e., straw and grain for cereals or leaves and roots for sugar beet). The inorganic N in the soils was measured on different dates and always at the opening and closing of the balance sheet.
It is almost impossible to quantify the individual soil N mineralisation fluxes (Mh, Ma, Mr, Mcc) in cropped soils; therefore, it is impossible to experimentally "validate" the predicted values for these balance sheet terms. Consequently, we used the N accumulated by non-fertilised crops as a proxy of these values considered together. Therefore, the quality of the predicted soil N supply was verified by comparing the soil N supply calculated by AzoFert ® with the plant N uptake (including N in roots) measured in control plots without fertilisation. This calculation assumes that soil N supply is not affected by the addition of fertiliser N (or the lack thereof). The AzoFert ® N supply was calculated from the general Equation (1) by considering the net N mineralisation of organic sources (Equations (7) and (8)), mineral N in the soil at the opening and closing of the balance sheet, the N uptake by the crop on the opening date, the N added by wet deposition, irrigation and symbiotic fixation, and the N lost via leaching (Equation (14)). This approach was also used to predict the net N mineralisation in situations with organic amendments but without mineral fertiliser application using the field dataset 2. Finally, the environmental impact of AzoFert ® N recommendations was estimated from trials with increasing N doses (dataset 3). These experiments included measurements of the crop yield and residual mineral N in the soil at harvest for the various doses, which were applied to establish the optimum yield. The optimum yield was determined graphically and corresponded to the yield at which additional statistically significant increases did not occur according to the N dose.
Analytical Procedures
At harvest, crop samples were collected from the control plots to measure the total N concentration in the different plant parts (i.e., straw and grain for cereals or leaves and roots for sugar beet) using an elemental analyser (NA 1500, Carlo Erba). These values were combined with the dry matter measurements to calculate the amount of N uptake by plants.
The inorganic N content in the soil (NO 3 − and NH 4 + ) at depths of 90 or 120 cm was determined at the opening of the balance sheet and at harvest. Soil was sampled in three or four soil layers at 30-cm depths by mixing eight separate cores collected using an 18-mm diameter driller. The soil inorganic N was determined via KCl extraction through the addition of 150 mL 1 M KCl per 50 g fresh soil followed by shaking for 30 min. The solution was then centrifuged for 20 min (5800 g), and the supernatant was filtered through a 45-µm pore diameter sieve. The NO 3 − and NH 4 + in the soil extracts were measured by a continuous flow colorimeter (TRAACS 2000, Bran + Luebbe, Norderstedt, Germany) using an adaptation of the method proposed by Kamphake et al. [30] for nitrate and nitrite and a method derived from Krom [31] for ammonium. The soil mineral N index at harvest (harvest SMN index) was calculated as the quantity of mineral N in the soil of the treatment at harvest divided by the quantity of mineral nitrogen in the soil of the treatment without nitrogen.
Statistics
The simulated soil N supplies were evaluated and compared to the experimental value based on the plant N uptake in control plots, and the results were analysed using the following statistical indicators. The root mean squared error (RMSE) indicates an estimation of model error:
where xi represents one simulated value,xi represents one measurement and n represents the number of situations. The median gap (MG) indicates whether the model overestimates or underestimates the studied variable. MG is the mean of the gaps.
Results
Estimation of Soil N Supply
The N supply estimated by AzoFert ® for control treatments (0 N) was compared to the plant N uptake measured in the same control plots (dataset 1). The experiments covered a wide range of agricultural situations; the N absorption in the control plots ranged from 21 to 259 kg N ha −1 . AzoFert ® reproduced both the differences observed at different sites, with estimated values ranging from 26 to 288 kg N ha −1 , and the average soil N supply, with a significant linear correlation between the measured and estimated N supply (Y = 0.9601X, r 2 = 0.76; p < 0.01) (Figure 3) . To determine the effect of crop type, the different crops were ranked according to the length of their growing periods (4 months for spring barley and 7 months for sugar beet) and the potential capture of annual soil mineralisation. The RMSE and MG values were 2.69 and −1.00 kg N ha −1 , respectively, which are relatively low. A similar comparison was carried out in Wallonia (Belgium) on vegetables (bean, spinach and carrot) growing in loamy soil. A very high correlation (r 2 = 0.95) was observed between the N absorbed by plants growing in a non-fertilised plot and the N supply estimated using AzoFert ® [32] .
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Residual N at Crop Harvest Based on AzoFert ®
The residual N at crop harvest is an important criterion for determining the risk of nitrate leaching during the intercropping period [33] . The residual mineral N at harvest calculated using AzoFert ® was evaluated in trials conducted on winter and spring crops as well as field vegetables. The trials included increasing N doses, with measures of yield and residual mineral N in the soil at harvest (dataset 3). To compare the various treatments, the results were normalised using the yield and residual soil mineral N of the control treatments as a reference. The residual soil mineral N rapidly increased under an excessive fertiliser N dose, i.e., greater than the dose that resulted in optimal yield ( Figure 5) ; the increase was equal to 4 kg and 6 kg of N per 10 kg N ha −1 of extra fertiliser N applied to winter and spring crops, respectively. For winter crops (winter wheat, barley, and rape), the rate calculated by AzoFert ® was able to generate the optimal yield. A similar result was observed for spring crops (spring barley and grain maize). For field vegetables, a fertiliser N dose higher than that calculated by AzoFert ® led to a strong increase in the soil mineral N at harvest. The field vegetables with a shallow rooting depth probably had a lower absorption efficiency than the winter and spring crops. For all crops, increased soil mineral N at harvest would inevitably result in an increased risk of nitrate leaching losses during the intercropping period for bare soils or those with low ground cover. In the treatments explored, calculating the fertiliser N doses using AzoFert ® reduced the risk of extra mineral N accumulating in the soil after harvest, thereby decreasing the risk of nitrate leaching during the intercropping period. The residual N at crop harvest is an important criterion for determining the risk of nitrate leaching during the intercropping period [33] . The residual mineral N at harvest calculated using AzoFert ® was evaluated in trials conducted on winter and spring crops as well as field vegetables. The trials included increasing N doses, with measures of yield and residual mineral N in the soil at harvest (dataset 3). To compare the various treatments, the results were normalised using the yield and residual soil mineral N of the control treatments as a reference. The residual soil mineral N rapidly increased under an excessive fertiliser N dose, i.e., greater than the dose that resulted in optimal yield ( Figure 5) ; the increase was equal to 4 kg and 6 kg of N per 10 kg N ha −1 of extra fertiliser N applied to winter and spring crops, respectively. For winter crops (winter wheat, barley, and rape), the rate calculated by AzoFert ® was able to generate the optimal yield. A similar result was observed for spring crops (spring barley and grain maize). For field vegetables, a fertiliser N dose higher than that calculated by AzoFert ® led to a strong increase in the soil mineral N at harvest. The field vegetables with a shallow rooting depth probably had a lower absorption efficiency than the winter and spring crops. For all crops, increased soil mineral N at harvest would inevitably result in an increased risk of nitrate leaching losses during the intercropping period for bare soils or those with low ground cover. In the treatments explored, calculating the fertiliser N doses using AzoFert ® reduced the risk of extra mineral N accumulating in the soil after harvest, thereby decreasing the risk of nitrate leaching during the intercropping period. 
Evolution of Recommended Fertiliser N doses after the Release of AzoFert ®
The evolution of recommended N rates after the release of AzoFert ® is a consequence of its use. From 1993-2004, prior to AzoFert ® development, a static balance sheet (Azobil method), Reference [34] was used to recommend N doses for specific crops in a given area. In 2005, AzoFert ® software replaced Azobil. Table 3 shows the evolution of the mean recommended N doses for three main crops in a large number of fields in northern France. From 2005 to 2015, the number of recommendations using AzoFert ® increased. Currently, annual recommendations for 85,000 fields are based on AzoFert ® , involving 25,000 farmers and approximatively 1,000,000 ha. For winter wheat, a comparison between the 1993-2004 period and the 2005-2015 period showed an increase of +22 kg fertiliser N ha −1 for the recommended N rate, while during the same period, the objective yields of the farms increased by +0.8 Mg ha −1 . Therefore, the increase in the mean recommended N rate corresponded to an increase in the expected winter wheat yield. For spring barley, there was a slight decrease in the mean recommended N rate based on AzoFert ® compared to Azobil, with a +0.4 Mg ha −1 increase in the objective yield.
For the sugar beet crop, the recommended N rates decreased significantly between the two periods and reached −30 kg N ha −1 . Fertiliser N recommendations for the sugar beet crop in France greatly improved via the use of AzoFert ® compared with other decision support systems because the N recommended dose was closer to the optimum dose, and a significant decrease was observed in the number of over-fertilisation cases [35] . 
Discussion
The dynamic modelling of soil N supply, which starts from the time of harvest of the preceding crop and uses normalised time, is a key component of AzoFert ® , and it allows this tool to be used for a wide range of crops that vary in growth length and potential capture of annual soil mineralisation. For example, up to 70% of the N requirement of sugar beet is provided by soil sources; thus, accurately predicting N supply is important, particularly for the large number of crops (40 crops) considered by the tool. Our results also showed that the relatively accurate predictions of the optimal N dose by AzoFert ® decreased the environmental N impacts by minimising the amount of soil mineral N at crop harvest and the risk of nitrate leaching during the fallow period.
Another advantage of AzoFert ® is its generic concept. The formalisms and the set of parameters describing the different processes in AzoFert ® were derived from models generated by academic research, particularly from STICS [23] and LIXIM [36, 37] . The number of parameters was kept to a minimum, and input data (27 to 40, depending on the crop) were selected according to their availability at the farm level and, of course, their importance. Formalisms were chosen to integrate a wide range of agricultural situations and good accuracy for N fertilisation recommendations. Because this tool is generic, AzoFert ® is adaptable to other cropping systems via the inclusion of plant parameters for new crops in the crop catalogue (e.g., N requirements, objective yield, dates and duration of crop growth, and rooting depth) or parameters for new soils or new organic sources in their respective catalogues. For example, AzoFert ® can be used in low-input or even organic systems and, depending on the source of soil N supply, can recommend no mineral fertilisation.
The high-performance computer design of the software is related to its structure and modularity. The software can easily be used to (i) improve the formalisms that describe the processes and calculations of the different items of the balance sheet; (ii) modify the parameterisation in the domain of settings, catalogues and grids; and (iii) permit the implementation of new processes, such as by estimating N loss by denitrification and including new references for the parameters and input variables. The multi-local evaluation of AzoFert ® and its use by laboratories and extension services in several regions have generated adaptations in the software parameters to the regional diversity of agricultural conditions, such as those encountered in the loamy soils of Picardie, the calcareous soils of Champagne, and the soils of Belgium [32] and Switzerland [1] .
With regard to the future development of AzoFert ® , its adaptations may be studied under different pedoclimatic and cultural situations. The AzoFert ® model assumes that mineral N in the soil (residual N, mineralised N and fertiliser N) is fully available to the crop both temporally (between the opening of the balance sheet and crop harvest) and spatially (regardless of the distribution of water, nitrogen and roots in the soil profile). This assumption was verified for the N fertilisation of annual crops in northern Europe, where drainage stops at the end of winter and where water availability frequently does not limit N uptake over the growing season [17, 18] . However, this condition is not always met in other climates, such as during droughts under Mediterranean conditions or under rainy conditions. In addition, AzoFert ® is a predictive model, which, by definition, is based on the prediction of unknown climatic conditions during the growth of the crop to be fertilised. Furthermore, temperature and rainfall have strong effects on the microbial processes determining the dynamics of soil N supply (decomposition, mineralisation, nitrification), as well as the availability of mineral N to crops and the intensity of losses (leaching and gaseous emissions). Therefore, such a tool dedicated to the strategic management of fertiliser N should be ideally supplemented with tools for N diagnostics during plant growth [38] . A promising development for the tool is its ability to evolve towards other cropping systems, e.g., the current adaptation of AzoFert ® for the fertilisation of perennial crops, particularly fruit-growing and vine-growing systems, which implies a specific adaptation of the plant N requirements of these crops, including the pluri-annual dynamics of N storage and remobilisation. The generic formalism and modularity of the software allow such evolution. Moreover, AzoFert ® has been implemented as a teaching tool [39] .
Conclusions
The scientific knowledge of C and N cycles acquired during the two last decades has led to the development of numerous mechanistic crop models that simulate the dynamics of crop N requirements and N supply in the soil. These models cannot be directly used by extension services to predict N fertilisation because they generally require a large number of inputs and parameters that may not be easily accessible at the field level. Thus, the AzoFert ® model was created to meet the need to integrate recently acquired knowledge into a more simplistic tool that can be readily used by farmers and extension services. The AzoFert ® model was developed within the conceptual scope of the predictive balance sheet method, although it differs greatly by considering the concept of "normalised days" and by integrating past real and future climatic data according to the characteristics of the year. After 13 years of using AzoFert ® , the mean recommended N application rate has decreased for many crops, and therefore an economic gain has been observed in the agricultural areas where it is used. Although each individual equation of the calculation model is based on existing knowledge, it is the assembly and parameterisation, resulting in the simplest and also the most generic form possible, that makes it feasible to envisage the use of this tool and its future evolution across a wide range of cultural and pedoclimatic conditions. The work carried out to simulate and provide information on a wide range of crops, organic products and plant residues is particularly useful in the context of the evolution of the management of crop nutrition based increasingly on the recycling of organic forms of N, allowing the reduction or elimination of synthetic mineral N fertilisers. Appendix D Appendix E Table A5 . Organic Product Catalogue. 
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